Luminal epithelial, glandular epithelial, and stromal cells were isolated from pig endometrium by enzymatic dispersion and sieve filtration. The three cell types, maintained in primary culture, showed distinctly different morphologies when viewed by light and scanning electron microscopy. Immunocytochemical staining indicated that luminal and glandular epithelial cells were positive for both cytokeratin and vimentin. However, stromal cells were positive only for vimentin. Acid phosphatase activity was detected in the culture medium of glandular cells and increased (P < .05) when progesterone (.1 ClM) was included in the culture medium. The secretion of uterofenin by glandular cells was also indicated by one-dimensional PAGE and Western blot analysis. Stromal cells produced more (P < .01) prostaglandin E (PGE) than pr~staglandin F a (PGFza), whereas glandular cells secreted more (P <: .01) FGF-than PGE. Pregnancy status affected prostaglandin secretion in that stromal cells secreted less (P < .01) FGE and PGFa and glandular cells secreted less (P c .OS) FGFza when they were harvested from pregnant vs cyclic pigs. Furthermore, the PGE:FGFa ratio in medium from stromal cells was greater (P < .01) for cells collected from pregnant pigs. This culture system provides an in vitro model for studying the hormonal regulation of the endometrium and potentially may be useful for studjlini interactions 
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al., 1987), cow (Fortier et aI., 1988) , &ea pig (Chaminadas et al., 1989), and human (Satyaswaroop et al., 1979 ; Schatz and Gurpide, 1983; Centola et al., 1984; Bongso et al., 1988) . Studies using cell culture have allowed the evaluation of distinct properties in different cell types with regard to prostaglandin metion and adenylate cyclase activity (Fortier et al., 1987 (Fortier et al., , 1988 , RNA synthesis and estrogen receptors (McConnack and Glasser, 1980) , and localization of utemglobin synthesis (Ricketts et al., 1983). Modulating roles of progesterone and estrogen on ultrastructure, protein synthesis, and secretion in guinea pig endometrial glandular cells grown in primary culture have been documented (Alkhalaf et al., 1989; Chaminadas et al., 1989) . hdometrial stromal cell culture also has been used as an in vitro model for studying human decidulization (Irwin et al., 1989) .
Pig endometrium synthesizes prostaglandins and secretes a variety of proteins with uteroferrin as a predominant product (for review, see Bazer et al., 1984; Roberts and Bazer, 1988) . The diffuse epitheliwhorial placentation in this species renders the embryo dependent on endometrial histotroph throughout pregnancy (Amoroso, 1951) . Studies conducted in vivo (Chen et al., 1973; Geisert et al., 1982a,b) and in tissue explant culture (Basha et al., 1979) have contributed to the understanding of endometrial secretory activities. The endometrium is a complex tissue consisting of a variety of cell types. Evaluation of the unique roles of different cell types and the potential interactions between cell types could be done in vitro using primary cell cultures. The objectives of this study were to obtain stromal cells and glandular epithelial and luminal epithelial cells from pig endometrium and to determine their morphology (light and scanning electron microscopy) and secretory characteristics. We also investigated the effects of pregnancy on prostaglandin (PG) secretion by endometrial cells in vitro.
Materlals and Methods

Endometrial Cell Separation and Culture.
Endometrial tissue was collected from multiparous sows (160 to 230 kg; n = 20) on d 13 of pregnancy or the estrous cycle (first day of estrus is d 0) by surgery as described by Rosenkrans et al. (1990) . Cell populations were separated aseptically under a laminar flow hood using modifications of procedures previously described by Fortier et al. (1987) and Schatz and Gurpide (1983) .
Tissue was placed in sterile incomplete Hank's buffered salt solution (IHBSS, Ca++ and Mg* free, pH 7.4) containing penicillin (100 U/ml), streptomycin (100 pdml), and gentamicin (50 pg/ml). After removal of blood clots, the tissue was placed in 10 ml of IHBSS containing 3% trypsin (type W -S ) 6 in a 50-ml conical flask and digested for 150 min at room temperature with occasional shaking to release luminal epithelial cells. Digested tissue was rinsed with 20 ml of MBSS, cut 6GIBC0, Grand Island, NY. 7~~i a , ~nc., Piscataway, NJ.
%e-k
Wire Cloth Co., Newark, NJ. %illups-Rolhenburg, hc., De1 Mar, CA.
into small strips (-1 mm in diameter), and resuspended in 10 ml of IHBSS with trypsin (.@I%), collagenase (.M% type Q6, and DNase1 (.01% type IQ6. The flask was incubated at 37'C for 50 min with vigorous shaking every 10 min. Then the tissue was rinsed with 50 ml of IHBSS and discarded.
The 10-ml cell suspension from the .3% trypsin digestion was combined with that of the 20-ml IHBSS rinse, and luminal epithelial cells were pelleted by centrifugation at 500 x g for 10 min. Cells were washed twice with MBSS and resuspended in 2 ml of RPMI 16406 (without phenol red) supplemented with 10% heat-inactivated fetal bovine serum (FBQ6 and antibiotics as in MBSS (basal medium). The cell suspension was then placed over 8 ml of Ficoll-Paque' (5.7% Ficoll 400) and centrifugated at 2,000 x g for 10 min to separate erythrocytes. Epithelial cells were retained as a band above the Ficoll. They were pipetted and resuspended in basal medium.
Stromal cells and fragments of glands in the suspension from the second digestion (trypsincollagenase-DNase) were separated by passing the suspension through a 3 8 -p stainless steel sieves. Stromal cells in the filtrate were pelleted by centrifugation at 500 x g. Cells were washed and resuspended in basal medium. Glandular fragments retained on the sieve were washed free of stromal cells with IHBSS, collected by backwashing, pelleted by centrifugation at 200 x g for 10 min, resuspended in basal medium, and ually distributed among ml of basal medium.
Cell numbers in luminal epithelial and stromal cell suspensions were counted in three 20-pl aliquots and plated at a density of approximately 5 x 104 ceUs/cm2. ~u m i n a~ epithelial cells, whether single or in clumps of up to 10 cells, were all included in hemacytometer counts. Gland fkagments were also counted in a hemocytometer and approximately 4 x le clumps were plated in each dish. Cells were incubated at 38'C with a gas phase of 5% CO, and 95% air in a humidifkd chamberg. Glandular and stromal cells were cultured in basal medium for 48 h to allow completion of attachment and formation of a monolayer. Then medium was replaced with RPMI 1640 supplemented with 5% charcoal-stripped FBS. Immunofluorescent Staining. Indirect immunofluorescent staining of cytokeratin and vimentin was performed as described by Sun and Green (1978) . Briefly, cells were grown on 18-x 18-mm glass coverslips for 2 d (glandular and stromal cells) and 3 d (luminal epithelial cells), fixed for 30 min at room temperature in PBS buffer containing 3.7% formaldehyde and stored at 4'C in PBS buffer. For staining, fixed cells were treated with prechilled methanol at -20'C for 7 min, rinsed briefly with water, and then returned to PBS. Antisera for cytokeratin'* and Vimentin' O (prepared in guinea pig and goat, respectively) were diluted 1:30. Forty microliters of antisera was placed on each coverslip and incubated in a moist chamber for 60 min at 37'C. In control staining, nonimmune sera were applied. The serum was then removed by thorough rinsing in PBS. Fluorescein-isothiocyanate (F1TC)-conjugated rabbit anti-guinea-pig immune globulin G (IgG)lo and anti-goat IgGlO were applied at dilutions of 1:200 and 1:100 for cytokeratin and vhentit~ staining, respectively. After incubation for a further 60 min at 37'C, coverslips were rinsed, mounted on slides, and viewed with a Zeiss Universal microscope using epifluorescence illumination at x 40 and photographed using Tri-X Pan11 film. Negative controls consisting of incubation with FITC coupled antibodies were also pexformed.
These cells showed no fluorescence.
Scanning Electron Microscopy. For scanning electron microscopy (SEM), glass coverslips on which cells had been grown were fixed in 3% glutaraldehyde @repared in PBS, pH 7.4) for 45 min. Cells were washed twice in buffer and then dehydrated in a gradient of ethanolwater (30, 50, 70, 80, 95, and 100% ethanol) . The dehydrated specimens were 
MA.
ined under an ETEC Autoscan electron microScope.
Acid Phosphatase. Acid phosphatase activity in c u l m medium was determined for cells exposed to 0 or .1 pM progesterone using pnitrophenyl phosphate as a substrak as descxibed by Schlosnagle et al. (1976) and Basha et al. (1979) . One unit of enzyme activity was defined as the amount of enzyme required to liberate, in 1 min, sufficient pnitrophenol to yield an absorpticm of 1.0 at 410 nm. Donor pigs (n = 3) sewed as blocks and provided two to four dishes for each treatment (control vs progesteronssupplemented).
Polyacrylamide Gel Electrophoresis and Western Blot Analysis. For secretory protein analysis, glandular and stromal cells (three to four dishes per cell type from each of four sows) were grown in basal medium for 48 h.
The medium was then changed to RPMI 1640 with 10 pg/d of insulin. After an additional 48 h of culture, media were collected. Cell debris was precipitated by centrifugation at 10,OOO x g for 30 min. Media were concentrated with centricon= 1012 (molecular cut-off of 10,OOO). Proteins were dissociated by boiling for 2 min in 2% (wthol) SDS solution containing .1 M dithiothreitol and 1.2% (wt/ vol) Tris and subjected to SDS-PAGE according to the procedure of Laemmli (1970) using a 15% resolving gel and 3% stacking gel. After electrophoresis, the gel was stained with silver nitrate (Oakley et al., 1980). Molecular weight standardd3 were rabbit muscle phosphorylase b (97.0 ma), bovine serum albumin (66.0 ma), hen egg white ovalbumin (42.7 ma), bovine carbonic anhydrase (31.0 ma), soybean trypsin inhibitor (21.5 ma), and hen egg wbite lysozyme (14.4 ma). For comparison the uteri of sows (d 13 of pregnancy) were flushed with PBS. Uterine flushings were centrifuged (l0,OOO x g for 30 min) and subjected to the same electrophoretic prow dures.
The procedure of jmmunoblotting is essent i d y that of Sambrook et al. (1989) . The proteins previously fractionated by SDS-PAGE were electrophretically transferred onto nitrocellulose membrane13, using 25 mM Tris, 192 mM glycine, 20% (vol/vol) Prostaglandin Secretiun. Glandular and stromal cells were recovered from pregnant (n = 7) and cyclic (n = 4) sows and cultured in basal medium for 2 d. Then media were changed to RPMI 1640 with 5% charcoalstripped FBS, and cells were cultured for an additional 24 h. Culture media were collected for PG assays. Prostaglandin E and F2a in the culture medium were quantified by RIA as immunorecoveries for PGE and PGF-, respectively. Intra-and interassay C Y were 9.5 and 13.2% for PGE and 6.2 and 7.0% for SF-.
Recovery of Cells, Protein and DNA Determinations. After collection of culture medium, 5 ml of MBSS was added to culture dishes, and cells were removed by scraping dishes with a plastic policeman. The dish was rinsed with 3 ml of IHBSS, and cells were recovered by centrifugation at 1,500 x g for 15 min. Cellular protein cuntents were estimated using Folin-phenol reagent (Lowry et al., 195 1) . The DNA contents were determined using the procedure described by Labarca and Paigen (1 980 time of seeding and tested at 48 h for glandular and stromal cells and at 72 h for luminal epithelial cells were 87, 83, and 78%, respectively. After trypsin dispersion, luminal epithel i a l cells were released as single cells or small clumps. These cells began to attach to culture dishes 24 h after seeding, grew slowly, and reached confluence after 7 to 8 d in culture. Limited numbers of luminal epithelial cells were obtained using these procedures. This characteristic combined with their slow growth limited the ability to test their PG secretory characteristics. Therefore, only the morphological characteristics and acid phosphatase m etory activity of luminal epithelial cells are described. Isolated glands were observed as tubular structures with a basement membrane (Figure 1 A) and attached between 12 and 48 h after seeding. Cells with beating cilia were frequently seen in gland cultures. Single stromal cells attached to culture dishes as early as 1 h after plating and completed attachment by 24 h. Glandular and stromal cells reached confluence by 72 to 96 h.
When cultured in 5% FBS-supplemented medium, endometrial cells retained their morphology for more than 4 wk After culture in basal medium for 2 d to allow attachment and formation of a monolayer, endometrial cells could be kept in serum-free medium supplemented with insulin for 8 to 10 d and still maintain their morphology. After 8 to 10 d some cells became vacuolar, and gradually a small portion of cells detached from the dish. Cellular morphology and cytokeratin immunocytochemical staining revealed that the cultures were approximately 95% pure.
Luminal and glandular epithelial cells grew in colonies and were polygonal or spherical in shape (Figure 1 B, C) . Stromal cells exhibited fibroblastic appearance after attachment (Figure 1 D) . Immunocytochemical staining revealed that luminal and glandular epithelial cells were positive for both cytokeratin and vimentin (Figures 2A and 3A) . Stromal cells stained positively for vhentin (Figure 3 instead of antisera (Figures 2 B, 3 C, and 3 D) . Figure 4 shows scanning electron micrographs of the three different cell types in vitro. Glandular cells had many apical protrusions (Figure 4 A) and were characterized by being closely associated and having numerous microvilli. Some cells had both cilia and microvilli. Luminal epithelial cells also were covered with microvilli but had few apical protrusions and no cilia (Figure 4 B) . Stromal cells had a flattened, spindle-shaped appearance with no surface structures. Long cytoplasmic processes were observed in stromal cells (Figure 4 C) . 
Discussion
Methods for separation and culture of endometrial cells have been reported for several species, but not for pigs. In this study, we report the separation and culture of three distinct cell populations from pig endometrium using modifications of methods previously described for rabbit (Fortier et al., 1987) and human (Schatz and Gurpide, 1983 ) endometrium. Based on cell morphology and cytokeratin immunocytochemical staining, the modified procedure yielded homogeneous cell populations with purity of approximately 95%. Morphological and functional characterization revealed distinct properties among the three cell populations.
Luminal and glandular epithelial cells were polygonal or spherical in appearance, as expected for epithelial cells. The cell swface was covered with numerous microvilli, and sometimes glandular cells also possessed cilia. Sinowatz and Friess (1983) observed that pig glandular epithelial cells sometimes have both cilia and microvilli. Many apical protrusions were observed in glandular cells. These protrusions are similar to those observed in vivo and have been considered to be involved in secretion (Stroband and Van der Lende, 1990 1988). In our endometrial cell cultures, acid phosphatase activity was only detected in the medium of glandular cells, not stromal or luminal epithelial cell cultures. The presence of acid phosphatase on d 7 and 8 of c u l m (Zhang et al., 1990) in serum-free medium suggests that uteroferrin is synthesized by glandular cells in vitro. In addition, the enzyme activity in the glandular cell culture medium was increased by progesterone treatment, suggesting that these cells are responsive to hormonal stimulation in vitro. Western blot analysis and SDS-PAGE also revealed the presence of uteroferrin in the culture medium of glandular cells.
Pig uterine secretory proteins contain plasmin/trypsin inhibitory activity ( Mullins et al., 1980) . The absence of a band corresponding to a plasmin/trypsin inhibitor (Mr -14,000) in the culture medium of glandular cells is consistent with its lack of trypsin-inhibitory activity (Zhang et al., unpublished observations) . The plasmisltrypsin inhibitor has been localized to the luminal epithelium (Fazleabas et al., 1984) and, therefore, would not be expected among the secretions of uterine gland cells. Two bands of lower molecular weight (<30,000) were present in the glandular cell culture medium but not in stromal cell medium. The small numbers and slow growth of luminal epithelial cells did not permit electrophoretic analysis of secretory proteins.
Both glandular and stromal cells synthe sized and released PGE and PGFk. However, preferential production of specific PG was observed. Glandular There is growjng evidence indicating that extracellular matrix has an effect on epithelial morphogy and function. Structural polarity is vital for the expression of differentiated function in epithelium (for review, see Rodriguez-Boulan and Nelson, 1989 
